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Prediction of Blast Furnace Hearth Condition - Part II: A Transient
State Simulation of Hearth Condition during Blast Furnace Shutdown
The extent of hearth cooling is critically important in determining the feasible
duration of an extended blast furnace maintenance shutdown. Numerical
simulation of hearth cooling is very helpful in providing detailed insight into the
internal condition of the hearth during the shutdown, for both the liquid bath and
refractory. Based on a fixed domain method, a transient numerical model has
been developed which considers the effect of solidification enthalpy of liquid iron
in a coke free bath, enabling the progress of hearth cooling to be monitored. The
model was initially verified by comparing calculations with actual refractory
temperatures during shutdowns of shorter duration (typically 1-2 days) at
BlueScope’s No. 5 Blast Furnace. It was then applied to estimate the hearth
condition during an extended shutdown period (typically, 5-6 days). The
calculated refractory temperature differences were reasonably matched with the
measured data over the extended shutdown period. In particular, the mushy zone
(defined in terms of a temperature range around the 1150ºC isotherm) was
tracked. This allowed visualization of the temporal variation of refractory
temperatures and the extent of liquid bath cooling during extended shutdowns,
providing useful guidance for furnace engineers. Additionally, the model can be
applied more broadly to monitor hearth conditions, such as in the case of an
abnormal stoppage of the furnace.
Keywords: blast furnace; hearth; numerical model; solidification; furnace
shutdown.

1. Introduction
During normal blast furnace (BF) operations, heat (enthalpy) is extracted from the
hearth refractory sidewall via stave cooling and from the hearth bottom via under-hearth
cooling. The temperature distribution can be simulated based on a steady-state
numerical model (see Part I [1]). The cooling keeps the refractory and furnace shell
below critical temperatures and potentially allows for the formation of a freeze-lining
on the refractory surface. However, during BF shutdowns, particularly for an extended
time (~ 100 hours or more, such as those for BlueScope’s No.5 BF in 2014), it is
prudent to understand the impact of hearth cooling on the solidification of liquid iron
and to attempt to minimise its extent.
In principle, hearth cooling is a typical solidification process. As the liquid temperature
drops to the solidification temperature, the liquid phase is transformed into a solid by
releasing its latent heat. At a micro-scale, various solidification models have been
developed to simulate microstructure formation and evolution, such as phase-field
model [2, 3], cellular automaton model [4, 5], volume-of-fluid model [6], and level set
model [7]. At a larger length scale, i.e. to analyse macroscopic phase change behaviour
and neglect the simulation of any micro-scale grain nucleation or growth, mathematical
models developed to solve solidification problems can be divided into two major
approaches: the front tracking method [8-10] and the fixed domain method [11-14].
In the front tracking method, temperature distributions of solid and liquid phases are
solved separately and the location of the solid/liquid interface is explicitly tracked at
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each time step [8-10]. In the fixed domain method, the temperature fields of the liquid
and solid phases are solved together within a computational domain. Compared to the
first method, the fixed domain method is simpler and more straightforward, since the
phase change interface is implicitly captured and the conservation equations are valid
for the entire domain. One of more widely accepted fixed domain methods in industrial
application is the enthalpy method [12, 15-17], where a single energy conservation
equation is used for the entire domain and the latent heat evolution is considered
through use of the total enthalpy. In particular, the solution procedure can be accelerated
by an enthalpy-porosity formulation to simulate the mushy zone [18]. Although it is
limited to the simulation of a sharp interface, the fixed domain method is of value in
practice. At BlueScope’s Port Kembla Steelworks, the Coupled Fluid Flow and
Refractory Model has been successfully applied for modelling of blast furnace hearth
conditions [19-22]. However, extended shutdown periods as noted above were beyond
the present experience. Therefore, the fixed domain method for simulating hearth
cooling was applied in this study.
The primary objective of the present part is to establish the quantitative relationships
which govern the transient heat transfer associated with the solidification of liquid iron
in the BF hearth. This paper is organised as follows: Section 2 briefly summarises the
governing equations used in the unsteady state numerical model together with the
implementation of boundary conditions and the solution set up; Section 3 covers the
validation of the current model under BF conditions and model application to an
extended shutdown in 2014 to provide an overview of hearth cooling; conclusions are
presented in Section 4.
2. Mathematical modelling and boundary conditions
2.1 Governing equations
The energy conservation equation used in the simulation is given below,
∂(𝜌𝜌H)
∂𝑡𝑡

+ ∇ ∙ (𝜌𝜌𝒖𝒖H) = ∇ ∙ (λ∇T) + 𝑆𝑆

(1)

where H is the total enthalpy of the material, i.e. H = ℎ + ∆H, including the sensible (ℎ)
and the latent (∆H) enthalpies. ∆H is an important parameter in determining the
influence of solidification, which can be described as a function of the liquid fraction, fl
and the latent heat of the material, L:
(2)
∆H = 𝑓𝑓𝑙𝑙 𝐿𝐿
The liquid fraction, fl, is given by the following expressions
𝑓𝑓𝑙𝑙 = 0
𝑖𝑖𝑖𝑖 T < Tsolidus
𝑓𝑓𝑙𝑙 = T

T−Tsolidus

𝑖𝑖𝑖𝑖 Tsolidus ≤ T ≤ Tliquidus

liquidus −Tsolidus

𝑓𝑓𝑙𝑙 = 1

𝑖𝑖𝑖𝑖 T > Tliquidus

(3a)
(3b)
(3c)

The above expressions guarantee the latent heat of the material is effective in Eq. (1)
within the temperature range of Tsolidus ~ Tliquidus .

In the liquid domain, there is no forced convection since the taphole is closed. Further,
it is assumed that natural convection is negligible and no other heat sources exist; hence
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both the convective and source terms in Eq. 1 are taken as zero. Heat transfer between
liquid and solid iron in the mushy zone and between solid/liquid iron and refractory is
through the heat conduction. It is important to note that since natural convection is
likely to retard the progress of solidification, neglecting it permits the solution for a
more severe and “worse-case” condition.
2.2 Computational domain and material properties
BlueScope’s No. 5 Blast Furnace was used as the basis for the mathematical model. The
hearth of furnace is ~10.6 m in the inner diameter with 3 tapholes (two are diametrically
opposite, with the third at 90°). Hearth refractory temperatures are monitored via a
considerable number of thermocouples at various elevations and circumferential
locations (the so-called long and short thermocouples).
A sector-shaped (10˚) geometry of the hearth, as shown in Fig. 1, was considered as the
computational domain for the simulation. This geometry was selected in order to
improve computational efficiency. Further, the heat transfer in the hearth under
shutdown conditions is a typical axi-symmetric problem. The computational domain is
composed of a liquid (liquid iron) domain and a solid (refractory) domain. The coke bed
was generally ignored in the liquid iron domain. This is because during the extended
shutdown period, the burden was run down near to the tuyere level; hence, it would be
expected that the coke bed would float close to or even on top of the liquid bath surface.
The left-hand side (sidewall) boundary of the domain is at the location of the short
sidewall thermocouple (T/C), while the bottom (wall) boundary aligns with the lowest
hearth pad thermocouple positions. Temperatures from these thermocouples were used
as boundary conditions in the simulation. The central line in Figure 1 is the axis of
symmetry. The liquid height above the top of taphole (not shown) is approximately
0.5m. It is assumed that initially there is no solidified material or build-up on the hearth
sidewall and pad surfaces.
Although potential buildup on the hearth lining was not considered in the simulation,
the wear of the hearth lining was estimated. The initial refractory geometry used for the
simulations is shown in Fig. 1. Compared to the original design geometry, the wear of
the sidewall refractory lining was determined to be 160 mm and 50 mm, for the upper
and the lower parts, respectively. The wear of the bottom corner and pad were also
estimated.
Material properties used in the simulation are listed in Table 1, including the thermal
conductivity, heat capacity and density for the various hearth refractories as well as
liquid iron. The property for each part of refractory is the same as that given elsewhere
(Table 2 in Part I [1]). Thus, only the range of refractory properties is given in Table 1.
Liquid iron is assumed to solidify over a temperature range of 1125°C - 1175°C. This is
thought to be realistic given this temperature range covers the eutectic temperature in
the iron-carbon phase diagram. The conductivity of liquid iron within the mushy zone is
assumed to vary linearly between solidus and liquidus temperatures. The latent heat
associated with the phase change is 272 000 J·kg-1.
2.3 Boundary conditions and computational methodology
The operational data during one of the normal shutdowns were used to validate the
mathematical model. During the simulation, the following boundary conditions were
applied:
• The sector’s front and back faces were treated as symmetrical planes;
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•
•

The top surface of the liquid iron domain was initially treated as a thermal
boundary condition, with a fixed temperature, i.e. 1550°C; an adiabatic
boundary was then used during the transient simulation; and
The hearth plug temperatures from the lowest thermocouple level were used for
hearth bottom wall whilst the temperatures from the sidewall short
thermocouples were used for hearth sidewall.

The actual sidewall temperature from the sidewall (short) thermocouples during the
normal blast furnace shutdown was used for the transient modelling. Linear
extrapolation of the data beyond the shutdown period was also conducted to allow the
simulation of hearth cooling for 10 days in total. Figure 2 shows the temperature
variations at different levels in the hearth sidewall. For example, for GL+3662 data
(refractory temperatures recorded at a level 3.662 m above Ground Level (GL)), the
data were extrapolated from 14/03/13 onwards. Overall, the trends show a gradual
temperature decrease. Due to the changes in temperature and flow of the hearth stave
cooling water during the shutdowns, the smoothness of the temperature trend was
locally affected. Once the trend at the higher level intersected with that at the next level
below, the trend of the lower level was applied to both levels. The preliminary
simulations in the current study showed that the heat loss through the hearth bottom was
much less than that through the sidewall. As such, the plug temperature measured at the
start of the shutdown was used for the hearth bottom boundary condition, which was
regressed to generate the following correlation,
T (in K) = -1.34r2 -6.441r + 152.93
(4)
where r (in m) refers to the radial position in the hearth pad.
ANSYS-CFX (v14.5) was used to solve the governing equations in an unstructured
tetrahedral mesh. In order to ensure that the solution of the discretized equations closely
approximates the solution of the original equations, a second-order central difference
scheme was used for diffusion terms and a second-order implicit time-stepping scheme
was applied for the transient term. The criterion for convergence of numerical model is
that the root mean square residual of the energy equation is less than 10-6.
3. Results and discussion
3.1 Typical simulation results and validation
The 1150°C isotherm was chosen to monitor the progress of hearth cooling since this
temperature represents the eutectic temperature in iron-carbon phase diagram and the
mid-point of temperature range of 1125°C - 1175°C. Figure 3 shows a typical
calculation for the evolution of the 1150°C isotherm over a 10-day furnace shutdown.
There is no occurrence of liquid iron solidification in the first two days (d < 2). The
1150°C isotherm starts to move away from the wall after two days, indicating the
beginning of solidification. This is consistent with observations during a normal 60hour blast furnace shutdown. Within 10 days, the 1150°C isotherm gradually moves
towards the centre of the hearth. After 10 days, nearly 50% of the total hearth volume is
shown to be occupied by solidified liquid iron.
The corresponding temperature distributions after Day 5 and Day 10 are shown in Fig.
4. Although there is still a relatively hot core region after Day 5, the hearth centre can
be seen to be significantly cooler after Day 10. Although the model predicts that a thick
solidification layer can be formed after several days cooling, the temperature difference
across the solidified liquid iron is small due to its high conductivity so that a high
temperature difference exists between the hot and cold faces of the refractory as shown
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in Fig. 4. Hence, it is expected that with further refractory wear later on in the furnace
campaign, the cooling of the hearth will be much faster.
Figure 5 shows the comparison between predicted and measured refractory
temperatures at various heights (above GL) of the sidewall during the first 2 days of the
normal shutdown. The calculated temperature distributions match the measured
temperatures reasonably well. Note that short thermocouples are in line with the
sidewall boundary in Fig. 1; long thermocouples are located 100 mm from the short
thermocouples. In practice, most of the sidewall thermocouples in the upper levels
(above 7m) are near one of the tapholes and therefore, can be affected by both increased
refractory wear at the tapholes and increased sensible refractory heat as a result of the
casting of hearth liquids before shutdown. However, these factors have not been taken
into account in the simulation. In addition, the calculated results represent the average
sidewall temperature around the whole furnace so that the discrepancy between
calculated and measured data in the upper part of sidewall is more significant due to the
non-uniform circumferential locations of the tapholes. It is also worth noting that
refractory bricks of different thermal conductivities in the lower part of sidewall cause a
sharp change in the temperature profile Fig. 5(a).
3.2 Application of the model to an extended shutdown
This section will introduce the prediction of hearth cooling together with the
measurements and observations during an extended shutdown for BlueScope’s No. 5
Blast Furnace. The prediction played an important role in understanding the possible
extent of liquid iron solidification before the shutdown and monitoring the thermal state
of hearth throughout the extended shutdown period to avoid over-cooling of the hearth.
Hearth cooling in terms of the evolution of 1150 °C isotherm. Figure 6 shows the
simulated evolution of the 1150 °C isotherm in the hearth during the first 6 days of the
furnace shutdown. As mentioned, the simulation was based on boundary conditions
from an earlier but shorter shutdown. A plausible modelling scenario has been chosen
for defining the boundary conditions, viz. there is no heat loss from the liquid surface,
no coke bed in the liquid bath, and the minimum sidewall temperature at short
thermocouple positions set at 45°C. As discussed previously, Figure 6 indicates there is
no occurrence of liquid iron solidification in the first two days. Once the solidification
starts, the isotherm moves mainly horizontally, which is driven by the greater heat loss
through the sidewall cf through the hearth pad. After 100 hours of the shutdown, the
model indicates that a layer of liquid iron solidification has been formed (Day 4
isotherm), the volume of which is less than 10% of the total internal hearth volume.
Since there was no direct measurement of the solidification layer, verification of the
predicted evolution was done via observations of conditions at furnace start-up and
measured refractory temperature during the shutdown, which are discussed
subsequently.
Heat flux through the hearth bottom. Figure 7 shows the variation of the temperature
difference between the central plug temperatures at two elevations during the shutdown.
The locations of thermocouples (GL+3907 and GL+3406) are shown in Fig. 6. Both
predicted and measured trends show the heat loss from the hearth gradually decreases
during the shutdown, which is predominantly due to the decrease in the total heat within
the hearth. During the first 100 hours of the shutdown, there is good agreement between
predicted and measured results although the predicted value is somewhat lower than the
measured value at the initial point. Beyond 100 hours, the increase in measured
6

temperature difference is due to the start-up (blow-in) of the furnace. In the simulation,
the boundary condition has not considered the heat carried by the blast as the furnace
was started up, which causes the predicted results to deviate from measured results.
Heat flux through the sidewall. In Fig. 8, predicted and measured trends for the
temperature difference between short and long sidewall thermocouples are shown for
elevations, GL+6414 and GL+4763. At the higher elevation, GL+6414, whilst the
predicted and measured data show similar trends during the 100-hour stop, a 5°C
difference remains. The most likely reason for this is the estimated wear of the hearth
sidewall refractory. Another possible reason is that the temperature boundary condition
for the extended shutdown period (~ 100 hours) utilised data from a normal shutdown
period (~ 60 hours) and an assumed linear extrapolation beyond 60 hours, as shown in
Figure 2. Finally, during the normal shutdown, burden was not run down to the tuyere
level, so this can also lead to some variations in temperature measurements compared
with the extended shutdown. At the lower level (GL+4763), the comparison between
predicted and measured data shows intersecting trends. The initial low measured
temperature difference at GL+4763 is related to the change in the cooling water
temperature at the start of shutdown. The sudden change of cooling water temperature
led to unsteady heat transfer. Compared to GL+6414, the response of the long and short
thermocouples at GL+4763 to the sudden temperature change is a little stronger because
their locations are nearer to the stave body cooling water inlet. Note that the values of
temperature difference at GL+4763 are relatively small, as highlighted in Fig. 8. Over
time, the measured temperature difference is higher than predicted, indicating that the
hearth corner wear is also likely to be higher than assumed because the temperatures at
GL+4763 are determined by the heat transfer through both the hearth corner and
sidewall.
Taphole length. The taphole length serves as a means of further corroborating the
model. The calculated lower and upper limits of taphole length after 96 hours of the
shutdown (i.e. the finish) are 3.25m and 3.65m, respectively. The recorded (measured)
taphole lengths for the first four casting operations after the shutdown were 3.0m, 3.2m,
3.4m and 3.5m, respectively. These were all from the same taphole and it is important to
note that prior to the recorded first opening time, this taphole had been opened and
closed a number of times to ensure it remained clear and available for casting liquids.
Therefore, the actual taphole length on the first opening was likely to be greater than
3.0m, due to deteriorating internal conditions.
Tapping from this single taphole also meant that nearby hearth materials (liquids, coke)
would have begun to be heated as the hot liquids produced above percolated through the
coke bed. However, since the tuyeres were opened sequentially over many days after
start up, the limited number of opened tuyere and low liquids production rate meant that
the heating rate of the hearth overall was quite slow. In fact, solidification is expected to
have continued away from the operating taphole even after start-up. As such, the actual
data indicated that the taphole length for the other taphole eventually used in the
sequence was 3.8m after 148 hours from the start of shutdown, which matched the
expected length of 3.6m ~ 4.0m at Day 6.
Overall, these taphole predictions reflect the progress of hearth cooling and provide a
useful comparison with actual hearth conditions. The discrepancy as noted above is
most likely linked to the specific operations associated with furnace start-up, wall
boundary conditions used in the simulation and possible variations in hearth refractory
wear at different circumferential locations. During the shutdown, the predicted lower
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and upper limits within the first 6 days had been provided to the operation team. These
were obtained by adding the thickness of the solidification layer, i.e. ∆L in Figure 6, to
the lower and upper limits during the normal operation. Together with the temperature
trend in the pad and sidewall, the information guided the operation team in decision
making during start-up.
4. Conclusion
A mathematical model of heat transfer in a BF hearth has been applied to investigate the
effects of process parameters on hearth cooling during an extended shutdown of
BlueScope’s No. 5 Blast Furnace. The introduction of latent heat and transient boundary
conditions has been constructive in the model’s developments. A comparison between
predicted and measured results during an extended shutdown shows that the model
predictions can reasonably reflect the actual hearth conditions, including the extent of
liquid iron solidification. The model also shows that heat loss through the sidewall is
more significant than that through the hearth pad. Modelling of hearth cooling has
provided guidelines for the estimation of taphole length, the progression of the hearth
iron solidification layer and the transient variation of refractory temperatures. In terms
of the taphole length and the prediction of the extent of solidification in the hearth, the
proportion of hearth volume with solidified liquid iron over the ~100 hr stop of the blast
furnace was calculated to be less than 10%.
Nomenclature
d
Day
𝑓𝑓𝑙𝑙
Liquid fraction
ℎ
Sensible enthalpy, J·kg-1
H
Total enthalpy, J·kg-1
∆H
Latent enthalpy, J·kg-1
L
Latent heat of the material, J·kg-1
r
Radial position, m
𝑆𝑆
Energy source, kg·m-1·s-3
t
Time, s
T
Temperature, K
Tsolidus
Solidus temperature, 1125°C
Tliquidus
Liquidus temperature, 1175°C
u
Velocity, m·s-1
GREEK
𝜆𝜆
Thermal conductivity, W·m-1·K-1
𝜌𝜌
Density, kg·m-3
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Table 1 Material properties
Materials
Refractory
[1]
Liquid iron

Density
(kg·m-3)
1560~2780

Heat Capacity
(J·kg-1·K-1)
1260

7737-0.5T
[23]

Min(850,
0.50T+298.98) [19,
24]

11

Conductivity
(W·m-1·K-1)
1~21
59.85 [24]
1214-0.826T
0.0158T [25]

if T<Tsolidus
if Tsolidus≤T≤Tliquidus
if T>Tliquidus

Top liquid thermal boundary specified for initial condition
and adiabatic boundary treated during transient simulation
Top wall boundary


Central line

Sidewall boundary


Bottom wall boundary

Figure 1 Computational domain used in the current simulations. ( Liquid domain
enclosed by the white dotted line;  Solid domain)

12

(9)

Figure 2 Transient boundary conditions for the hearth sidewall.
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23/03/13

19/03/13

18/03/13

17/03/13

16/03/13

15/03/13

14/03/13

13/03/13

12/03/13

(4)
(3)
(2)
(1)

22/03/13

(5)

GL3662
GL4176
GL4663
GL5163
GL5714
GL6314
GL6915
GL7515
GL8116

21/03/13

(7)
(6)

20/03/13

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(8)

11/03/13

Temperature, °C

130
120
110
100
90
80
70
60
50
40

d=0 d=2 d=4 d=6 d=8 d=10

Figure 3 Evolution of 1150°C isotherm in the hearth over 10 days.
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Figure 4 Temperature distribution and 1150°C isotherm in the hearth after (a) Day 5
and (b) Day 10.
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Figure 5 (a) Temperatures from short thermocouples and data used for sidewall
boundary condition (BC); (b) Comparison between predicted and measured temperature
at long thermocouples.
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Figure 6 Predicted evolution of 1150 °C isotherm in the hearth of BlueScope’s No. 5
BF over the first 6 days of the extended shutdown. Remaining refractories are
highlighted green and olive green, respectively.

17

85
Predicted plug temperature difference

Temperature difference, °C

80

Measured

75

70

65

60
Time since rundown complete, hrs

Figure 7 Temperature difference between the plug temperatures at GL+3907 and
GL+3406.

18

45

Temperature difference, °C

40

Predicted temperature difference at GL+6414
Measured

35
30
25
20
15
Time since rundown complete, hrs

(a)
22

Temperature difference, °C

20

Predicted temperature difference at GL+4763
Measured

18
16
14
12
10
Time since rundown complete, hrs

(b)
Figure 8 Temperature difference between long and short thermocouples at (a) GL+6414
and (b) GL+4763.
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A list of figure captions:
Figure 1 Computational domain used in the current simulations. ( Liquid domain
enclosed by the white dotted line;  Solid domain)
Figure 2 Transient boundary conditions for the hearth sidewall.
Figure 3 Evolution of 1150°C isotherm in the hearth over 10 days.
Figure 4 Temperature distribution and 1150°C isotherm in the hearth after (a) Day 5
and (b) Day 10.
Figure 5 (a) Temperatures from short thermocouples and data used for sidewall
boundary condition (BC); (b) Comparison between predicted and measured
temperature at long thermocouples.
Figure 6 Predicted evolution of 1150 °C isotherm in the hearth of BlueScope’s No. 5
BF over the first 6 days of the extended shutdown. Remaining refractories are
highlighted green and olive green, respectively.
Figure 7 Temperature difference between the plug temperatures at GL+3907 and
GL+3406.
Figure 8 Temperature difference between long and short thermocouples at (a)
GL+6414 and (b) GL+4763.
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